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In all patients, SpO2 was monitored in preparation for hypoxemia by a pulse oximeter 1 under constant observation by a medical doctor in the scanner room. In order to perform the 2 scan safely with minimal motion artifacts, trichrofos, midazolam, or pentobarbital were used 3 to sedate patients, though pentobarbital was mainly used (Table 1) . 4 5
EEG-fMRI pre-processing 6
First, MR and ballistocardiogram artifacts were removed in an offline manner according to a 7 previously established method (Allen et al., 2000; Allen et al., 1998) . EEG was down-8 sampled to 250 Hz by BrainVision ANALYZER software (Brain Products GmbH, Munich, 9 Germany). In addition, the EEG signals were processed with 30-Hz low-pass and 0.53-Hz 10 high-pass filters using an in-house script in Matlab. The filtered EEG signals were inspected 11 by a certified electroencephalographer (R.M.), and the occurrence times of interictal 12 paroxysmal discharges were marked (See an example of identified interictal discharges in 13 Figure 1A ). The interictal findings eligible for marking were chosen based on the criteria that 14 5 fMRI data sets were analyzed based on an event-related design using a general linear model 1 (FEAT program, part of FSL [FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl]). For the 2 timing of spikes as events, a canonical hemodynamic response function (HRF) consisting of a 3 double gamma function was convolved (phase = 0 s; standard deviations = 3 s, mean lag = 6 4 s). Then, considering the possibility that the patterns of BOLD signal change differ in 5 different areas of the brain, multiple time-shift models in which HRF was applied before and 6 after spikes were also produced (t = -8, -6, -4, -2, +2, +4 s) ( Figure 1B ). Previous studies 7 revealed that this technique successfully revealed BOLD signal changes preceding focal-and 8 generalized spike discharges (Hawco et al., 2007; Jacobs et al., 2009; Moeller et al., 2008) . 9
Each time-shift model related to spikes was used as the explanatory variable of interest, and 10 eight nuisance covariates (six head motion parameters, and signals from the CSF and white 11 matter [WM]) were regressed out as in a previous fMRI study (Fox et al., 2005) . Basically, 12 the areas of the CSF and WM were extracted from a standard brain image in MNI standard 13 space (ICBM-152: "MNI152_T1_2mm.nii.gz") and non-linearly coregistered to the anatomy 14 image in each patient using FNIRT (www.fmrib.ox.ac.jk/fsl/fnirt). These processes were done 15 successfully with "fsl_anat" script in almost all cases. After binarization (0 or 1) of the CSF 16 and WM voxels, the images were coregistered to EPI space. In this coregistration process, 17 each voxel has one probabilistic value (0-1) for each patient's CSF and WM. The time course 18 of the BOLD signal of the eigenvalues was calculated for each region where the value was ≥ 19 0.95 after the voxels with artifacts around the air-tissue interface were excluded manually. 20 Each of these values was then used to regress out the effect of the CSF and WM, which 21 reportedly involve much noise caused by the cardiac and respiratory cycles (Dagli et al., 22 1999; Windischberger et al., 2002) ; thus, we expected that this process enabled us to 23 sensitively detect activation/deactivation of the small region near the ventricle, i.e., the6 correction (Woolrich et al., 2001 ). In the individual EPI space, Z-statistic images were 1 thresholded using clusters determined by Z > 2.3 at voxel level and a corrected cluster 2 significance level of p < 0.007 (0.05/7; Bonferroni correction was made because we used 3 seven time-series models individually) (Worsley, 2001) . The images were then coregistered 4 to each anatomy image. The laterality concordance between EEG spikes and cortical 5 activation was blindly evaluated by an author (R.M.) who did not analyze fMRI data. The 6 laterality of spikes was defined by the side on which focal spikes occurred, or the side on 7 which spikes had larger amplitude (twice the height of the other side), in the case of a 8 bilateral or generalized spike. The laterality of the fMRI cortical activation was defined by 9 the side containing the most significant cluster of cortical positive BOLD responses with 10 early time-shift models (t = -8 ~ 0 s). The results of earlier time shift models (-8 ~ 0 s) were 11 used for comparison based on previous reports (Hawco et al., 2007; Jacobs et al., 2009; 12 Moeller et al., 2008) because later models could involve the zones epileptic activity finally 13 spread to other than the areas that generate spikes. 14 15
Group analysis 16
Excluding one patient (pt. 5, 1-year-old female) in whom coregistration of the CSF and WM 17 was impossible, a random-effects group analysis was carried out using the FEAT program in 18 seven patients. Before analysis, MRI images were flipped in the left-right dimension in the 19 case of (1) In seven patients excluding pt. 6, interictal and ictal SPECT were performed. These patients 6
were not included in our previous studies (Kameyama et al., 2010) at Nishi-Niigata Chuo 7
Hospital. A T1-weighted volumetric scan (1.5 Tesla, Shimadzu, Kyoto, Japan) was used for 8 coregistration of SPECT images. The imaging techniques and method of SISCOM have been 9
reported elsewhere (Kameyama et al., 2010) . Tc-ethyl cysteinate dimer (ECD) was 10 injected interictally and ictally. The ictal and interictal SPECT images, normalized according 11 to the global mean voxel counts, were subtracted to obtain ictal-to-interictal state difference 12 images. Areas with counts above two standard deviations in subtraction images were adopted 13 as significantly increased perfusion areas. Next, EEG-fMRI and SISCOM results were 14
9
We applied EEG-fMRI to patients with HH and revealed that its epileptic network comprised 1 both neocortices and subcortical structures. Spike-related BOLD responses were observed 2 interictally in all patients in various regions either with activation (positive BOLD) or 3 deactivation (negative BOLD). In 6/8 patients, the hypothalamus with the HH interface or its 4 adjacent area showed activation with a time-shift model before spike onset. Group analysis 5
showed activation in the ipsilateral hypothalamus, brainstem tegmentum, and contralateral 6 cerebellum. Deactivation was observed in the DMN and hippocampi. Among 5 patients with 7 unilateral hypothalamic attachment, activation was observed at and around the attachment 8 (HH interface) in 3/5 patients with EEG-fMRI whereas hyperperfusion was detected in 1/5 9 patients by SISCOM. 10
Recently, several lines of evidence suggested the utility of the time-shift models before 11 spike onset for locating areas of cortical activation concordant with focal EEG spikes in 12 partial epilepsy (Bagshaw et al., 2004; Jacobs et al., 2007; Jacobs et al., 2009) . Prespike 13 models were also reported to be useful for EEG-fMRI analysis of generalized epilepsy 14 (Moeller et al., 2008) . In line with these studies, we successfully detected lateralized cortical 15 activation and hypothalamic activation using the prespike models. What generates the 16 prespike BOLD responses is not exactly known, but some mechanisms are suggested: the 17 different temporal profile of the hemodynamic response function for epileptic activity (Kang 18 et al., 2003) , or the metabolic process of neuronal or non-neuronal origin involving glial 19 structures that precedes the epileptic spikes (Pittau et al., 2011) . 20
Some evidence shows the relationship between HH and various types of seizures including 21 GS. One stereo-EEG study of a patient with HH revealed that GS was well correlated to ictal 22 discharges in the HH (Munari et al., 1995) . Another study showed that direct stimulation of 23 HH through depth electrodes evoked GS (Kahane et al., 2003) . Other studies revealed that 24 ictal SPECT showed hyperperfusion in HH (Kuzniecky et al., 1997) or its interface to the10 hypothalamus (Kameyama et al., 2010) . Finally, it has also been shown that GS, focal and 1 generalized seizures, and associated cognitive/behavioral symptoms can improve after 2 appropriate surgery in HH (Kameyama et al., 2010; Kameyama et al., 2009; Striano et al., 3 2012; Wethe et al., 2013) . 4
Variable activation/deactivation patterns among individual patients most likely reflect 5 various seizure types other than GS, while the other clinical profiles, such as the size of the 6 HH and use of anti-epileptic drugs might be also responsible. Despite this variability, group 7 analysis showed activation in subcortical structures such as the hypothalamus and brainstem, 8 especially with early time-shift models, and the cerebellum with later time-shift models. Our 9 EEG-fMRI analysis based on interictal findings of HH emphasize the existence of a common 10 epileptic network often involved in patients having HH with GS, and reinforce the 11 importance of the subcortical epileptic network that Kameyama and colleagues addressed in a 12 previous SISCOM study (Kameyama et al., 2010) . Ictal SPECT performed during GS 13 showed, at a group level, involvement of the ipsilateral hypothalamus, mediodorsal (MD) 14 nucleus of the thalamus and putamen, bilateral pontine tegmentum, and contralateral inferior including the mammillo-thalamo-cingulate tract (Kahane et al., 2003) . Some patients in our 23 study showed involvement of the hippocampi and thalamus (see Figure 2) . The mammillo11 fMRI study showed thalamic deactivation at a group level, with large inter-individual 1 variability in terms of BOLD response patterns. This observation is consistent with some 2 EEG-fMRI studies of generalized epilepsy, which have shown either activation or 3 deactivation of the thalamus, either ictally or interictally (Aghakhani et al., 2004; Carney et 4 al., 2010; Gotman et al., 2005; Hamandi et al., 2006; Moeller et al., 2008; Siniatchkin et al., 5 2011) . Multiple variables is likely to determine the strength that the HH affect the thalamus 6 via its epileptic activity, including the patients' age, the size of the HH and the location of its 7 attachment. They may explain the inter-individual variability, but we need more patients for 8
analysis. 9
The regions of the DMN, which show increased brain activity at rest (Raichle et al., 2001) , 10
showed activation/deactivation in our study. It has been reported these areas are involved in 11 epileptic discharges in frontal-and temporal lobe epilepsy, posterior quadrant epilepsy and 12 idiopathic generalized epilepsy (Fahoum et al., 2012; Gotman et al., 2005; Laufs et al., 2007) . 13
The network was evaluated in terms of the impairment of attention (Gotman et al., 2005) or 14 cognitive dysfunction when damaged in neurodegenerative disorders such as Alzheimer's 15 disease (Johnson et al., 1998) . Deactivation was also found in the bilateral hippocampi in the 16 present study, which is thought to be related to memory encoding, consolidation, and retrieval 17 (Carr et al., 2011) . If frequent epileptic discharges from HH involve both the DMN and 18 hippocampi, the core regions of the memory network from early childhood, there might be an 19 interruption of the normal cognitive development process, and eventually a part of epileptic 20
encephalopathy. 21
Ictal SPECT generally has a diagnostic value in locating the seizure onset zone among 22 neuroimaging techniques (Spencer, 1994) ; however, in our pilot study, interictal EEG-fMRI 23 of HH had no less sensitivity than SISCOM in detecting regional activation in and around the 24 hypothalamus or lateralized cortical activation concordant with EEG spikes. This is partly12 due to the higher spatiotemporal resolution of fMRI, which is sensitive enough to detect the 1 small and transient HH-related epileptic brain activity. Furthermore, EEG-fMRI requires a 2 short recording time of ~2 hours including preparation, as opposed to SISCOM, which 3 requires seizure recording that usually takes a long time for patients and medical staffs. 4
Therefore, we suggest that EEG-fMRI is a more practical and useful tool to identify the 5 laterality of HH attachment for surgical treatment by SRT. 6 7
Limitations 8
We should also be cautious in interpretation of the present data as follows. First, the variety 9 of the age, drugs that were used for sedation, and the status of pre-/post-operation of the 10 patients are all confounding factors that may influence the results in this preliminary study as 11 mentioned earlier. The sample size of the patients is small in the present study, and future 12 studies with a larger cohort warrant the validity of the findings in this small pilot study. Some 13 patients might have slept during recording and it would affect results in terms of BOLD 14 response through metabolic change. However, event-related design that our study used is 15 immune to sleep-related change compared to block design because individual spikes are 16 extremely transient than sleep. Second, the difference in activation patterns in terms of the 17 location of HH attachment to the hypothalamus could not be evaluated due to the small 18 number of patients. Third, we arbitrarily analyzed the most frequent interictal discharges in 19 each patient. However, these discharges could contain epileptic activities that have no direct 20 relationship with HH, or activities from secondary epileptic foci. Last, EEG-fMRI has an 21 intrinsic methodological limitation. Spikes must be large enough in amplitude to be detected 22 in the filtered EEG, and frequent enough to reveal the areas of statistical significance in fMRI 23
analysis. This contrasts with ictal SPECT that does not require EEG for analysis. A large13 cohort study is warranted in the future to establish analysis methods, sensitivity, and clinical 1 utility of EEG-fMRI for detecting seizure onset zones in patients with HH. 2 3
Conclusion 4
In this study, we showed that EEG-fMRI in patients with HH detected brain areas possibly 5 involved in epileptogenesis/encephalopathy, and that it had comparable sensitivity with 6 SISCOM in detecting the HH interface. Future studies using EEG-fMRI would further 7 expand our understanding about HH and its epileptogenesis, and corroborate the clinical 8 usefulness of this technique. The human brain is intrinsically organized into dynamic, anticorrelated functional networks. 7
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